(Received 12 January 2011)
We demonstrate that an interlinked gold half-shell array fabricated by metal deposition on a sacrificial twodimensional colloidal crystal template can show a large enhancement in surface-enhanced Raman spectroscopy at its main transmission resonance. It is further observed that Raman signal enhancement shows a noticeable difference when reversing the orientations of the Au nanobowls in relation to the underlying flat dielectric substrate. As the pump laser wavelength is tuned in the vicinity of the resonant plasmonic mode of the structure, the enhancement on an upward Au nanobowl array can be five-fold compared to that on a downward one. Numerical simulation confirms that for the upward nanobowls, a strong localized mode inside the Au nanobowls is formed at the resonant excitation wavelength, which helps to explain this observed extra enhancement in Raman scattering.
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Noble metallic nanostructures exhibit unique, remarkably vivid optical properties due to the surface plasmon (SP) modes excited by an incident light. [1] Upon excitation of SPs, the electromagnetic field can be locally enhanced around the metallic nanostructure surfaces, which gives rise to interesting nonlinear optical phenomena and also important applications. [2−7] As an example, Raman signals from molecules adsorbed on surfaces of metallic nanostructures could be enormously enhanced. This surface-enhanced Raman scattering (SERS) effect has been widely implemented in ultrasensitive biological and chemical detections. [8] It is now well accepted that SP resonance of the metallic nanostructure substrate boosts a significant electric field enhancement responsible for the electromagnetic contribution to SERS. [9, 10] Over the last decade, great efforts have been devoted to developing low-cost parallel fabrication methods to produce large-area SERS active substrates with the possibility to further optimize the substrate performances by tailoring the metal nanostructure in a nanoscale. [11−13] At present, metal nanocrescents [14] and nanobowl structures [15−17] obtained via a parallel nanosphere lithography method were wildly studied, due to the "hot spot" features such as nanotips which support local electromagnetic field enhancement. The shape of the nanocrescent moon resembles a crescent nanomoon with sharp tips in cross-sectional view, so the sharp edge of the gold nanocrescent moon has the rotational analogy to a sharp gold tip and thus expands the SERS hot spot from a tip to a circular line. [14] For single nanobowls, tip-enhancement around the circular rims is mainly responsible for SERS. [14−17] In this study, we experimentally demonstrate a strong SERS enhancement in quasi-three-dimensional (quasi-3D) plasmonic crystals (PCs) consisting of a two-dimensional (2D) ordered array of metal half nanoshells. [18, 19] We further observe a larger SERS enhancement in the case that the bottoms of the halfshells are in touch with the underlying flat dielectric substrate rather than the rims of nanoshells are in contact with the flat substrate. Such an extra enhancement is explained with the help of our numerical simulations which show that in the former case, a strong electric field is built within each nanoshell due to the resonant excitation of a void localized SP mode. We thus demonstrate an additional increase in molecule's absorption rate, using the void modes in an ordered array of metal nanobowls even though the enhanced electric field is far away from the absorbed molecules.
To prepare the SERS active substrates, a thin layer of metal was deposited on a sacrificial 2D colloidal crystal (CC) template. Details of the procedure can be found elsewhere. [18, 20] The upward and downward interconnected Au nanobowl arrays can be prepared via a transferring process. Figure 1 The plasmonic characteristics of the metallic nanostructure substrates, which is of primary importance to the investigation of the SERS enhancement process, was performed by measuring the transmission spectra of these Au nanobowl arrays using a UV/Visible range microspectrophotometer (Craic QDI 2010). As seen in Fig. 2 , the Au nanobowl arrays with the diameter of 1.0 µm show a resonance centered at about 840 nm, while for the samples prepared using smaller diameter of 700 nm, this resonant mode appears at a shorter wavelength of 640 nm. It is seen that the locations of their transmission resonance peaks are nearly the same when the incident light beam impinges vertically from the top of the substrate, whatever the opening direction of the nanobowl arrays might be upward or downward.
To evaluate the efficiency of the prepared PCs as SERS substrates, Fig. 3 shows the measured SERS spectra of the R6G molecules adsorbed on the upward and downward Au nanobowl arrays which were templated using silica sphere with diameters of 700 nm and 1.0 µm. The substrates were pumped by lasers operated at different wavelengths 514 nm and 785 nm, respectively. The Raman enhancement is evaluated from the pronounced peak intensity at 1650 cm −1 of the Raman spectra. From Figs. 3(a) and 3(c) , it can be seen that for the PCs with a main transmission resonance at = 640 nm, the Raman intensities on the upward nanobowls substrate are two-fold higher than that on the downward one for both excitation wavelength of 514 nm or 785 nm. From Figs. 3(b)  and 3(d) , for the PCs with a main transmission resonance at = 840 nm, the Raman intensities on the upward nanobowls substrate is two-fold higher than that on the downward one for excitation wavelength of 514 nm, while the Raman intensities on the upward nanobowls substrate are five-fold higher than that on the downward one when pump laser is tuned to 785 nm.
The Raman signal on the upward nanobowl substrate is around two-fold that on the downward one when the excitation wavelength of laser is outside the SP mode of the nanobowl arrays. Such enhancement of Raman intensity can be attributed to a nanotip effect at the rim of nanobowls, as reported in single nanobowls. [14] When the incident laser is illuminated on the sharp edge area of upward Au nanobowl arrays, the local field could be enhanced at those cup edges, which will greatly booster the Raman signals. [14] When Au nanocups are made downward such that the rim area are in contact with the glass chip, the Raman signals would not be notably enhanced due to possible energy leakage through the dielectric substrates. Except for the nanotip effect, the geometry of upward nanobowl including a cavity could be more efficient in concentrating light to the Raman detection system rather than the convex curve surface of downward nanobowl so that Raman signals can be further enhanced. Interestingly, when the pump laser is tuned to 785 nm, the Raman signal of molecules on the upward nanobowl substrate templated with 1.0 µm diameter silica spheres shows five-fold enhancement compared to that on the downward one, as shown in Fig. 3(d) . It is seen in Fig. 2 that the excitation wavelength of 785 nm is partly overlapped with the SP resonance band of the nanobowl arrays with the diameter of 1.0 µm.
To further explore the physics for upward and downward nanobowls even if they have a similar SP resonance mode, numerical electromagnetic simulations are performed by the finite-difference time-057801-2 domain (FDTD) [20−22] method to observe the distributions of the electric field amplitude. We have calculated the distributions of the electric field amplitude in the plane for the upward (Fig. 4(a) ) and downward nanobowls (Fig. 4(b) ) with the diameter of 1.0 µm at the resonant wavelength. It is clearly seen that there is a strong local electromagnetic field inside the upward nanobowl, while a weak one is observed inside the downward one. Under the illumination of excitation wavelength, the excited propagating Au/Air SP modes on the nanobowl inner surface will couple well with each other and form a strong local electromagnetic field in the cavity of the bowl which can be referred to as the cavity mode. [20] This strong electric field in the cavity due to SP mode can result in significant increases in the molecule's absorption rate so that the Raman signals can be increased. [23−25] Similar results have been reported in other nanostructured SERS substrates of Ag nanorod arrays. [23−25] The present Ag nanorod array substrates supported a strong local electric field between the adjacent nanorods which could lead to a significant increase in Raman signals of molecules on the surface of nanorod due to an increase in molecule's absorption rate. This result also demonstrates that the local electric field directly exposed to the SERS probe molecules is not exclusively the only dominant SERS mechanism. For the downward nanobowl arrays, the local field in cavity becomes very weak. Furthermore, this weak local field is also difficult to be used during the Raman testing due to a sealed geometry. In summary, we have demonstrated that SERS active substrates composed of interlinked hollow Au nanobowl arrays which are fabricated by metal deposition on a sacrificial 2D CC template. It is found that the Raman signal enhancement evaluated from the pronounced peak intensity of Raman spectra shows a noticeable difference on the nanobowl orientation relative to the pump beam wavevector. At the excitation wavelength outside the plasmonic mode, the enhancement on the upward nanobowl substrate can be two-fold compared to that on a downward one, which can be attributed to nano-tip effect at the rim of nanobowl. However, excited close to the plasmoic mode of the PCs, the enhancement will be five-fold. Although the plasmonic mode wavelength is nearly the same for the upward and downward nanobowls, FDTD calculations show that a strong localized mode 057801-3 inside the nanobowls is formed at the resonant excitation wavelength for the upward nanobowls, which could lead to an increase in molecule's absorption rate so that Raman signals can be dramatically enhanced. Supporting the cavity mode together with the nanotip effect at the rim of bowls, this upward nanobowl array substrate is expected to have more potential applications in analytic assays using SERS technology.
